PHYSICAL REVIEW B 77, 195102 (2008)

Density-functional theory study of the effects of atomic impurity on the band edges of

monoclinic WO;
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The effects of impurities in room-temperature monoclinic WO; were studied by using the local density
approximation to density-functional theory. Our main focus is on nitrogen impurity in WO;, where both
substitutional and interstitial cases were considered. We have also considered transition-metal atom impurities
and some codoping approaches in WO;3;. We find that, in general, band gap reduction was a common result due
to the formation of impurity bands in the band gap. Also, the changes of band-edge positions, valence-band
maxima and conduction-band minima, were found to depend on the electronic properties of the foreign atom
and their concentration. Our results therefore provide guidance for making WOj; a suitable candidate for

photoelectrodes for hydrogen generation by water splitting.
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I. INTRODUCTION

Production of hydrogen through splitting water under so-
lar irradiation by photoelectrochemical (PEC) process' is one
of the most promising method, which is, if successful, both
cost effective and environment friendly. There has been sig-
nificant progress in this field using ultraviolet (UV) solar
energy.> However, for optimal use of solar energy, the opti-
cally visible range of the spectra must be used. To absorb
maximum solar energy, the desired photoelectrode must be a
semiconductor of band gap around 2.0 eV, and the positions
of its band edges must be matched with the water-splitting
potential.> Also, in general, the photoelectrodes must be
stable in aqueous solutions. So, to achieve the suitable pho-
toelectrode materials, its electronic properties, and how it
responds to the defect formation must be understood

Photochemically, the most stable semiconductors in aque-
ous solutions are oxides.! One of the most popular metal
oxides for this purpose, TiO,, has an indirect band gap of 3.2
eV, which is only suitable for absorbing the UV part of the
solar spectrum. To date, shifting its absorbing spectrum to
the visible region has not been too successful.* Recent stud-
ies have shown that mixing tungsten oxide (WO;) with TiO,
can increase the photosensitivity of the electrodes.” WOj5 is
well known for its photosensitivity® and its stability against
photocorrosion in acidic aqueous solutions. Hence, WOj;,
with an experimental direct gap of 2.7 eV,? is suitable for
efficient use as photoelectrodes’ and other optoelectrical de-
vices. The photon-absorbing property of these oxides in the
visible range can be improved by tuning its bands to the
proper gap and placing the band edges in the desirable posi-
tion, such as raising both the valence band and conduction
band edges.? One way of doing this is to add impurity to the
materials, such as nonmetals (e.g., nitrogen or carbon atoms)
or metals, or to codope with both types of atoms. It has been
shown before that, for example, in the case of TiO,, the
incorporation of N reduces the band gap and shifts the ab-
sorption spectra toward the longer-wavelength photons.’!”

Here, we briefly mentioned other studies on the doping of
WO; for PEC purpose. Mg doping in WO; was experimen-
tally studied by Hwang et al.'' They showed that Mg-doped
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WO; has a band gap similar to undoped WO;, but the
conduction-band minimum moves up to match the H*/H,O
potential. In another combined experimental and theoretical
study, Tang and Ye!? showed that Bi,W,0, is also capable of
spontaneously producing hydrogen from an aqueous CH;OH
solution under visible light. Doping with other metals (e.g.,
Cu and Ag) was also reported in the literature'>!'* without
much success. A recent experiment by Paluselli et al.'’
showed that nitrogen-doped WOj; has a smaller band gap;
also, the transmission spectra have a blueshift due to the
incorporation of N atoms. This study found that the band gap
of the WO; thin film was significantly reduced, almost by 0.8
eV as the N atoms increased. From this large band gap re-
duction, one can infer significant nitrogen atom concentra-
tion in the film. Also, with increasing N-atom concentration,
the absorption spectra shifted toward the longer wavelength
region. It should be mentioned that a higher concentration of
N atom than as defined by the “doping regime” in the host
materials can be achieved by proper growth condition ma-
nipulation, such as changing the chemical potential of the
impurity atoms.'%!7

In this paper, we present ab initio theoretical studies on
various impurities in WOj5 and their electronic properties.
One of our main focus is on N impurity in WO; in the
room-temperature monoclinic phase. Substitutional and in-
terstitial impurities were both considered. We found that a
certain type of interstitial nitrogen is more preferable than
substitutional nitrogen to achieve the PEC properties, al-
though the formation of these defects strongly depends on
the growth condition. However, it was found that although
absorption at the longer wavelength is increased by N impu-
rity in WO,,” the photocurrent did not appreciably increase.
One reason might be that the recombination centers are cre-
ated by the charged defects. Isovalent codoping usually im-
prove the situation. For this reason, we have also considered
transition-metal atom impurities and some codoping ap-
proaches in WOs. In general, the uplift of valence-band
maxima can be achieved by incorporating metals with d
bands shallower than tungsten. In this paper, only the metal
atoms around W in the Periodic Table are considered to mini-
mize the size and chemical mismatch. Other isovalent impu-
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TABLE 1. Atomic orbital eigenvalues (in Ry) of dopant atoms
along with W and O atoms are listed to show the general chemical
trend (Ref. 18).

Atom s P d
B (2s%2ph) -0.690 -0.273
N (25%2p%) -1.354 -0.532
0 (25%2p%) —1.746 -0.676
Al (35s23p") -0.575 -0.204
Mo (55s'4d%5p") -0.318 -0.086 -0.289
Hf (65%5d%6p°) -0.382 -0.108 -0.215
Ta (6525d4°6pY) -0.413 -0.109 -0.278
W (6525d*6p°) -0.434 -0.108 -0.344
Re (65254°6p°) -0.453 -0.106 -0.409

rities were also considered, such as Mo in place of W or
(NH) in place of O. Table I shows the eigenvalues for atomic
s, p, and d orbitals for the dopant atoms along with W and O
atoms. This gives us an initial guidance as what to expect
upon doping of these atoms and will be discussed later in this
paper. We expect that this spectrum of impurities would pro-
vide a clearer picture of the trend of band-structure modifi-
cation of WOs;.

II. COMPUTATIONAL METHODS

For the total energy calculation, we used the local density
approximation'? (LDA) to density-functional theory with the
projected augmented wave (PAW) method,'”?° as imple-
mented within the Vienna ab initio simulation package (VASP
4.6.21).21-2* Because of its construction, the PAW method is
believed to agree with the all-electron results better than the
results by ultrasoft pseudopotentials. One reason is that PAW
potentials reconstruct the exact valence wave function with
all nodes in the core region. The reason for choosing LDA is
that it agrees better with the experimentally measured vol-
ume for WOs;. The relaxed lattice constants are a=7.381 A,
b=7.472 A, and c=7.633 A. These numbers compares well
to the similar LDA calculations by de Wijs et al.?® The ex-
perimental lattice constants are 7.306, 7.540, and 7.692 A.
All plane waves with a cutoff energy of 400 eV were used in
the basis function, and the Brillouin zone (BZ) integrations
were performed by using the second-order Methfessel—
Paxton method.?® The room-temperature monoclinic struc-
ture of WOs3, with 32 atoms in the unit cell, was considered
for our calculations, unless a larger unit cell was needed. For
example, to study a very dilute regime, or antiferromag-
netism, a 64-atom unit cell was used. The lattice constants
(and volume) of the WO; were optimized. These lattice con-
stants were kept fixed throughout our calculations. However,
the ion positions were always relaxed until the force on each
of them is 0.01 eV/A or less. For ion relaxation, 2 X2 X2
Monkhorst-Pack?’ K-point sampling was used; however, for
density-of-states (DOS) plots, a more refined 8X8X8§
K-point sampling was used.

II. UNDOPED WO,

The smallest monoclinic unit cell of WOj; consists of 8 W
atoms and 24 O atoms. The monoclinic WOj5 can be consid-
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FIG. 1. (Color online) The monoclinic structure of WO; unit
cell is shown here. W and O atoms are represented by the blue
(dark) and red (gray) balls, respectively. The perovskite A site as in
ABOj is shown.

ered as a deformed perovskite structure, like ABO; where the
A ions are missing and B is replaced by W.28 These A posi-
tions, as shown in Fig. 1, are suitable for interstitial doping.
The WOj; structure can also be considered as consisting of
W-O-W-like chains, where the chains are connected across
the W atoms, as seen in Fig. 1. This pseudo-low-dimensional
structure of WO; has given rise to many interesting proper-
ties, including superconductivity.>” From the band structure
in Fig. 2, we see that there are two nearly degenerate states at
the conduction-band minima (CBM). The valence-band
maxima (VBM) states at I point (folded from the R point of
the undistorted cubic cell) also split due to the slight dis-
torted arrangement of the octahedrons. Also, at B—1T, the
top of the valance band is flat. This dispersionless band in-
dicates very high effective masses for the holes along the
W-O-W chain in the x direction, which constitutes tightly
bound corelike electronic behavior along that direction on
the zone boundary. Similar high effective masses were found
for electrons in the I'— Z direction. This has some interest-
ing consequences in electronic behavior of WOs;, such as
conduction being highly prohibitive in those directions. Be-
sides these flat bands, there is also a highly dispersive part of
the bands along other symmetry points at the Fermi level.
This simultaneous presence of highly dispersive and nondis-
persive bands around the Fermi level indicates the potential
of superconductivity.’>3! Figure 2(b) shows the total and lo-
cal DOS. The sharp rise of the valence-band DOS at the
Fermi level is due to the flatbands found in the band struc-
ture. The local DOSs are amplified for clarity. This shows
that, as expected for a metal-oxide semiconductor, the va-
lence band of WO3; mainly consists of O p bands, while its
conduction band has predominantly W d character. In fact,
the onset of p-d hybridized band density in the valence band
starts from 0.6 eV below the Fermi level, where the Fermi
level is located at the top of the valence band. The band gap
was found to be pseudodirect at the I' point and is 1.31 eV,
which is much less than the experimental band gap of 2.6 eV.
This underestimation of band gap is a consequence of the
LDA used in our calculation. Reference 25, employing VASP
and ultrasoft pseudopotentials, has also found a direct LDA
gap of 1.1 eV. Because we are mostly concerned with the
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FIG. 2. (Color online) (a) The band structure plot is shown
along the high-symmetry points and (b) DOS for both total and site
and angular momentum decomposed local DOS plots for mono-
clinic WO;. The top of the valence band is set to 0 eV. Partial DOS
plots are amplified several times for better visibility.

relative energy changes between different impurity states, we
expect that this computational underestimation would not
significantly affect our results.

IV. NITROGEN IMPURITY
A. One nitrogen atom substitution

We first discuss one nitrogen atom substitution in the
WOj; unit cell. The nitrogen atom replaced one of the 24
oxygen atoms in the unit cell, which gives ~4% N impurity.
Substitution of a nitrogen atom is not expected to cause sig-
nificant changes in structural or bonding properties because
the size mismatch is minimal and the difference in electrone-
gativity is small. From Table I, we can see that the energy of
N p orbital is higher than the O p orbitals’ energy. This im-
plies that upon substitution of O in WOs;, the N p band
would be above the valence-band maxima, which mainly
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FIG. 3. (Color online) (a) Total DOS and (b) local DOS for
WOj; with 1 O out of 24 atoms substituted by a N atom. The Fermi
levels for all of the DOS plots here are set to zero. A high density of
states of half-filled N 2p band is clearly seen at the Fermi level.
O 2p DOS, which is located far from the N atom, started below
—0.40 eV and is almost unaffected by the presence of the N atom.

consists of O p. As can be seen from the total DOS plot in
Fig. 3(a), the one less electron in the N atom compared to the
O atom introduces a hole in the valence band as an extra
carrier, which may increase the conductivity of the system as
a p-type semiconductor. Also, due to this unpaired electron at
the Fermi level, the system becomes spin polarized. From the
total DOS plot, one can see that there are partially filled
bands at the Fermi level for the minority spin, which could
initiate an ordering of long-range collective magnetic mo-
ment. The non-spin-polarized system was found to be 0.082
eV higher in total energy than the ferromagnetic arrange-
ments. The partial DOS in Fig. 3(b) shows that, as expected,
the partially filled bands are primarily from the N p states.
These N p bands are hybridized with the neighboring O p
bands, and very slightly hybridized with the nearest W d
bands. So, the top edge of the valence band is mainly com-
posed of the p bands, as was the case of pure WOs;, but
mainly from the nitrogen atom. Oxygen atoms in the cell that
are located further from the N atoms are somewhat unaf-
fected by the presence of N atoms, as can be seen from their
O p bands, which are also shown on the p-DOS plot. These
unaffected O p bands started from 0.40 eV below the Fermi
level. This indicates that the top of the valence bands of WO;
can be raised up in energy due to the N substitution. The
band structure (Fig. 4) shows that although the occupied
spin-up bands are all below the Fermi level, two spin-down
bands are situated around the Fermi level and at a distance of
0.2 eV from the other part of the valence band. At the T’
point, both of these two spin-down bands are unoccupied and
mainly have an N p character. At the BZ boundary, from
K-point B—T, the top of the valence band is no longer dis-
persionless, as it was in pure WOj;, which indicates that the
presence of nitrogen initiates further electron interactions
within neighbors in the x direction. However, the dispersion
is not very significant on the top of the valence band; conse-
quently, in the case of the spin-down band, the holes would
not experience much influence from the neighboring atoms.
Also, the band gap is reduced from 1.31 to 1.04 eV for the
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FIG. 4. Band structure for both up and down spins of WO3; with
an O atom substituted by an N atom. For spin down, partially filled
bands are seen around the Fermi level.

spin-up bands and 0.89 eV for spin-down bands. Table II
listed modified band gaps due to the impurity in WO;. How-
ever, these types of systems with large partially filled DOS at
the Fermi level are unstable, and further relaxation with a
larger supercell showed that a gap opens up in the spin-down
bands and the system became a semiconductor with a band
gap of 0.5 eV with ferromagnetic behavior. Magnetism in
this situation poses a very interesting problem. This is be-
yond the scope of the present paper and will be discussed
elsewhere.?® In our calculation, we found that although the
pure WO; gap is direct, N-substituted gaps are indirect; for
spin-up bands, it is B—1I". Also, the conduction-band edge,
which is mainly composed of W d electrons, changes posi-
tion by 0.09 eV upward, while the VBM shifts up by 0.51

TABLE II. Band gaps in eV are listed for WO5; with impurities.
For spin-polarized systems, both the spin-up and the spin-down
band gaps are listed. For undoped WOj;, the calculated band gap is
1.31 eV.

Band gaps
Dopants (eV)
No 1.04, 0.89
2Ng 0.84
N; 0.78, 0.63
(Ny); 1.53
(N,)+N; 0.60
(N2)o 1.24
(B-N)o 0.88
Aly 1.26
Mow 1.32
Tay 1.21, 1.12
Hfy 1.23, 1.07
(Re-N)w.o 1.03
(Ta-F)w.o 1.21
(N-H)o 0.89
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FIG. 5. (Color online) (a) Total DOS and (b) site and angular
momentum projected atomic DOSs for 2N substituted WOs;.

eV. Here, the band-edge shifts are calculated with respect to
the O s core level away from the impurity N atom. Hence,
the band edges (VBM and CBM) as a whole slightly shift
upward. In short, substitution of N for O in WOj5 changes the
VBM toward higher energy, but the CBM does not change
much; as a result, the band gap decreases.

B. Two nitrogen atom substitution

Next, we doubled the substitutional impurity level to 8%,
i.e., two O atoms were substituted by two N atoms in a WO;
unit cell. Among the several 2N substitutional options, the
lowest-energy one was found when the two N atoms resided
at the two closest O substitutional sites. As a result, two N
atoms were on two crossed O-W-O chains. At these sites, the
N-N distance is 2.51 A and the N-W-N angle is ~87.10°.
These parameters are not significantly different from those of
the pure WOj; structure; however, the N-N distance is
0.12 A closer than the shortest O-O distance. To see if this
two-N-atom substitution is favorable, we calculated the bind-
ing energy of this 2N substitution formation by the following
definition:

E,=E[WO;+2No] + E ([ WO3] - 2E,[WO; + N |,
(1)

where E,; is the total energy of the system defined. Here,
negative binding energy would indicate that the particular
formation is possible. We find that this two-N binding energy
is —0.76 eV, indicating that the pair formation is favorable
in this case, but not very strongly. From the [-projected
atomic DOS [Fig. 5(a)], one can see that there is a hybrid-
ization of W d and N p bands near the Fermi level, and this,
unlike pure WO;, attributes some d character to the valence-
band edge. The W atom connecting the two N atoms loses
some charge to the N atoms, and the overall system was
nonmagnetic. This gives the almost similar conduction-band
edge as the undoped WOj;, although the splitting at the bot-
tom of the conduction band was increased. For this system,
the VBM significantly moved up in energy, with an empty
band just above the Fermi level, which may contribute extra
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holes at the valence band. The probability that this empty
band near the Fermi level would facilitate the absorption
process is low because this band as well as the top of the
occupied band is mostly composed of p bands. Only a tiny
portion of d band DOS exists near the Fermi level. So, the
optical band gap here would be the difference between the
top of the occupied band and the bottom of the conduction
band. This band gap is the least at the I" point, 0.84 eV,
which is significantly reduced from the pure WOj5 band gap.
The relative position of the top of the occupied band shifted
up by about 0.45 eV, and the band gap is reduced because the
CBM shift is not as much as the VBM. Although the distor-
tion, both structural and electronic, is higher, this impurity
level due to the uplift of the VBM may be useful for optical
absorption at the visible range.

The other higher-energy 2N-substituted structures need to
be mentioned here. For example, two N atoms on the same
chain or in the adjacent chains differently behave. The two N
atoms on the same chain go through some type of charge-
density instability, become spin polarized, and the empty N p
bands sit below the spin-down conduction band. Although
not significant, this also causes the conduction band to
slightly increase in energy. On the other hand, if two N at-
oms are on two adjacent chains, the system becomes non-
magnetic, with small (~0.025u;) but opposite moments on
the N atoms. Here, also, there is a half-filled DOS peak
around the Fermi level and empty bands above the Fermi
level. This would also create a semimetallic behavior. How-
ever, the band gap reduction is not as large as the previous
one, 1.30 eV, which is almost similar to the undoped WOs;.

On the other hand, reducing the N-atom concentration
down to 2 at. % shows that the previously partially filled
spin-down band at the Fermi level (i.e., at 4 at. % impurity)
now became completely empty, less dispersive, and com-
prises of hybridized N p and O p bands. Here, the electron
concentration at the Fermi level is very low and consists of
spin-down electrons. Spin-up electrons are 0.1 eV below the
Fermi level. So, the pseudometallic conduction behavior,
which was apparently found at the 4% impurity level, has
vanished at this lower concentration. Strong exchange split-
ting at the N p bands occurs above the unperturbed O p
bands. This apparently pushes the conduction band slightly
higher than it was before without N atoms. The difference in
energy of the CBM between the 2 at. % N impurity and
undoped WO; is 0.2 eV. Overall, due to N substitution, the
band gap does decrease as the valence band rises. However,
only at lower (2 at. %) and higher (8 at. %) concentrations,
the conduction band moves upward, while at 4 at. % N con-
centration, where one O atom is replaced by one N atom in a
unit cell, the CBM remained unaffected.

C. Interstitial N

For a single interstitial nitrogen atom, the character of the
CBM considerably changes. The interstitial N atom is mainly
bonded with the O atom with a bond length of 1.31 A, and
the nearest W-N bond length is 2.03 A. This can be consid-
ered as a NO molecule substituted for an O atom. As seen
from the atomic DOS plot [Fig. 6(b)], the N p impurity band
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FIG. 6. (Color online) A N-atom interstitial in WOj5: (a) total
DOS and (b) site and angular momentum projected atomic DOS.

is now just below the conduction band. This impurity band is
hybridized with O p and W d bands and is partially filled for
the spin-up electrons. This also makes the W d band in the
conduction band spin polarized and partly filled with very
small exchange splitting. For the spin-down bands, unlike
spin-up bands, the bottom edge of the conduction band does
not have any N-like character; rather, it is mostly a d-like
band and partially filled. The system here is now more con-
ducting because some electrons are available in the conduc-
tion bands; as a result, this interstitial N can be considered as
a donor. A larger supercell calculation showed that it prefers
antiferromagnetic behavior. The fundamental gap? is de-
creased further, 0.78 and 0.63 eV for spin up and spin down,
respectively. For spin up, the band gap is indirect (I'—2);
however, the direct band gap (at Z) is only 0.01 eV higher. In
both cases—spin up and spin down—the CBM at these sym-
metric K points has W d-like character. Note here that al-
though the VBM rises in energy, there is no significant
change in the position of CBM because the unoccupied mo-
lecular orbital of NO is higher than CBM.

D. More than one interstitial nitrogen atoms

To explore other possibilities further, we considered im-
purity in a WO; unit cell with more than one interstitial N
atom. For two interstitial N atoms, the lowest-energy struc-
ture has no longer N atoms attached to the O atoms; rather,
the two N atoms formed a dimer in the hollow space of the
WOj; unit cell, which is the A site if we consider the perov-
skite ABOj structure (Fig. 1). The total energy difference
between these two configurations—dimer in a hollow space
and 2N bonded to two O atoms—is quite large, 5.094 eV.
This strongly indicates the favorable environment for the in-
terstitial N-N dimer formation. As expected, the N, dimer
formed a closed shell with N-N bond length of 1.10 A, and
the overall magnetic moment is zero. The nearest N-W and
N-O distances are 2.90 and 2.41 A, respectively. As a result,
along with the fact that N, is known for not binding an extra
electron,® the interaction with the O or W atoms with this N,
dimer is not very strong. The top of the valence band, like
WO;, consists of O p bands, whereas the N p band sits in-
side the O p bands with weak hybridization (Fig. 7). Overall,
although the total DOS has a similar feature at the band
edges as in the pure WOj; total DOS, the position of the
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FIG. 7. (Color online) Total and site and angular momentum
projected atomic DOS plots for two interstitial N atoms in WO;.
These two N atoms formed a dimer in the hollow site (A site) of
WO;.

conduction-band edge moved up by almost 0.35 eV. As a
result, the total band gap increased to 1.53 eV, which is
higher than the undoped WO; band gap. The structural de-
formation of the lattice due to N, at an A site, rather than
charge transfer to or from N, which is negligible here, is
responsible for the band gap increase. This increase in band
gap would mark this configuration as an undesirable one.
However, an upward shift of the conduction band tends to
reduce the overpotential, which is favorable for the photo-
electrodes. So, further careful impurity addition, which may
reduce the band gap, needs to be examined. One of the ex-
amples will be discussed in the following paragraph. As a
passing comment, putting a N atom at the A site does not
yield a lower-energy structure due to the unstable nature of a
lone N atom.

For three interstitial nitrogen atoms, several configura-
tions were considered, including the one with 3N bonded
with three O atoms. This particular configuration greatly dis-
torts the WO; structure, with several eV higher in total en-
ergy than the most favorable one in our calculation. The
ground-state configuration for three N interstitial atoms oc-
curs when two N forms a dimer at the A site, as before for
2N interstitial, and the third N atom is attached to one of the
oxygen atoms. Here, also, the binding energy for the N-N
dimer formation in a cell with one N interstitial attached to O
atom is high, —4.26 eV. As before, the N-N bond length
remains the same (1.10 A), but the N-O bond length slightly
increased to 1.44 A, compared to the N, interstitial and
single N interstitial configurations, respectively. The DOS at
the Fermi level has the similar feature as the one with the
single interstitial N atom; also, there are partially filled bands
near the conduction bands, with relatively higher density of
states, which are clearly visible in the total DOS plot (Fig.
8). Hence, at this higher impurity level, the system may show
more conducting behavior with higher electron concentration
near the conduction band. Also, the two peaks on top of the
valence bands are now separated slightly more than the
single N interstitial DOS. For up spin, the gap between the
occupied and unoccupied bands is less than 0.2 eV, whereas
for down spin, a tiny part of the band is populated by elec-
trons with no apparent gap with the conduction-band con-
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FIG. 8. Total DOS plot of WOj3; with three interstitial N atoms,
where 2N forms a dimer at the A site, and the other N atom is
bonded with an O atom.

tinuum. So, conduction in the minority spin is highly sup-
pressed. Below the occupied part, the up- and down-spins
have a similar band gap of ~0.6 eV. The shift of VBM and
CBM is significantly larger in this case. The top of the va-
lence band and the minimum of the unoccupied conduction
band increase in energy by 0.7 and 0.3 eV, respectively. This
large band-edge movement is due to the structural deforma-
tion and to the impurity-band effect, as discussed for N atom
and N, interstitial impurity. This large change of the band
position may facilitate the optical absorption at the visible
spectrum from solar radiation to split water molecules. It
should be emphasized that due to multiple peaks in the fun-
damental gaps, it may also be used to absorb the shorter
wavelength of the solar spectrum. Hence, better control
could be achieved by addition of optimal nitrogen impurity
in WOs;. Just as single interstitial N atom in WOj; gives rise
to antiferromagnetism, it is more likely here as well. In this
case, the conduction band would be populated with electrons
of both types of spin, canceling any long-range magnetic
effect.

E. Split interstitials

So far, we found that substitutional and interstitial N im-
purities create p- and n-type WOs;, respectively, and that
placement of a N, dimer in the hollow spaces can uplift the
band edges toward higher energy. Next, we consider the
split-interstitial case, i.e., one oxygen atom in WOj is re-
placed by two N atoms. The N-N bond length in the present
configuration is 1.19 A; hence, two N atoms are, in reality,
behaving like a N, molecule. Unlike the N, dimer in the
hollow space, both N atoms here are bonded with W atoms.
Hence, in the present case, N p and W d hybridizations are
expected to be stronger. The binding energy for the (N,)q is
calculated by

E,=E[WO;+ (N)o] + E[WO3] = E(,[WO;5 + No ]
- Eo[WO;+N,], (2)

where E, ] WO;+N;] is the total energy when interstitial N is
bonded with an O atom. The binding energy was —4.65 eV,
which is slightly lower than the dimer formation in the hol-
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FIG. 9. Band structure of 2N split interstitial in WO along
some high-symmetry K points. Also, the Fermi level is set to zero
here.

low site, but it is definitely more favorable than the substitu-
tional or separated interstitial defect formation. As seen from
the band diagram in Fig. 9, an occupied band is situated in
the middle of the gap that is mainly composed of N p and
W d bands. Compared to NO substitution, as discussed ear-
lier, N, substitution has one electron less, which explains the
not-so-populated conduction bands as in NO substitution.
However, due to direct N p and W d hybridizations, this par-
ticular band is located near the conduction band, and its dis-
persive nature reflects the influence of the WO; CBM. The
minimum direct gap from fully occupied to unoccupied
bands is only 0.468 eV, whereas the indirect gap is much
smaller (0.220 eV). Due to coupling of the unoccupied N,
molecular orbital, the minimum of the unoccupied conduc-
tion band slightly decreased in energy. From the local DOS
[Fig. 10(b)] plot, one can also see that the valence band
slightly increases compared to the pure WO; valence band.
The gap from the valence band to the conduction band is
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FIG. 10. (Color online) Total and local DOS plots for 2N-split
interstitial in WOj;. Intermediate-band-like formation is clearly vis-
ible in the band gap.
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FIG. 11. (Color online) Total and site and angular momentum
projected atomic DOS plots for B-N substitution in WO;.

1.235 eV, which is slightly less than the undoped WO; gap.
So, except for the presence of the impurity donor band, the
relative changes in the bands are not significant. Also, the
possibility is low that the impurity band may act as a step-
ping stone for the low-energy optical absorption because it is
completely filled. Similarly, two split interstitials on the same
cell introduce two similar fully occupied impurity bands,
which are situated very close to the conduction band; as a
result, the bands are highly dispersive and the system be-
comes almost metallic. Here, the impurity-band width is 0.73
eV, which is 0.48 eV higher than that of the single split-
interstitial impurity, and the fundamental band gap is 1.26
eV. Also, in this case, the bottom of the conduction band is
heavily hybridized with the N 2p band and the impurity band
becomes almost a part of the conduction-band continuum.
So, the relatively higher width of the occupied impurity band
would be responsible for the extra electron in the conduction
band at minimum thermal excitation.

To further see the effect of a split interstitial, a B-N dimer
was also tested because it forms very strong bonds, similar to
a carbon dimer with extra ionicity and higher electronegativ-
ity than N,. The B-N dimer was put in the WO; unit cell by
replacing an oxygen atom. The relaxed bond length of B-N
was found to be 1.38 A. The valence-band edge shifted up-
ward by 0.57 eV, whereas the conduction band’s upward
shift is only 0.16 eV compared to the pure WO; bands. The
fundamental gap of this structure is reduced to 0.88 eV. In
Fig. 11, we see the [-projected atomic DOS plot. In this case,
the impurity band, mainly composed of N 2p bands, lies
above the WO; conduction band. The Fermi level goes
through the conduction band, and it becomes an n-type semi-
conductor. A similar feature was found for the spin-down
interstitial N impurity. However, for B-N substitution, the
W d band closest to the B-N shows higher density of states
at a lower energy than the other W d bands. This indicates
that the lower part of the conduction band would be heavily
influenced by the B-N substitution.

Overall, N, substitution for O in WO; introduces disper-
sive fully occupied impurity bands in the gap. Also, although
it does not introduce any carrier into the conduction band,
the closeness of the impurity band to the conduction band
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FIG. 12. (Color online) (a) Total DOS and (b) site and angular
momentum projected atomic DOSs for Al-substituted WO;.

may provide some electrons in the conduction band from the
impurity band with slight perturbation. Increasing the elec-
tronegativity by replacing N-N with B-N, we found that the
band edges noticeably uplift. This also put some carriers at
the bottom of the conduction band.

V. METALLIC ATOM SUBSTITUTIONS

Metal substitution in WO would replace W atoms, which
are sixfold coordinated, with O atoms. So, metal atoms with
shallower d bands in place of W atoms would push up the
CBM. Let us first consider the substitution of a simple metal,
Al, which has no d orbitals, in WOs;. Al substitution in place
of W atoms results in a highly mismatched condition. First,
Al’s p orbitals have some contribution deep in the valance
bands, which may not have a significant effect on the
valence-band edges. Also, from Table I, we see that the Al p
orbital is higher in energy than W d orbitals, which may
imply that the conduction-band minima would be unaffected
by the Al substitution. However, because Al is coordinated
with six oxygen atoms, where both types of atoms are of
similar size, a local lattice relaxation around the Al atom has
been observed that smoothes the W-O-Al chain to almost a
straight line. Also, because Al lacks d electrons, the d bands
in WO; remained almost unaltered (Fig. 12). For example,
the onset of the W d band in the valence band is 0.6 eV
below the Fermi level for both the Al-doped and undoped
WO; (Fig. 12). Also, the conduction band, which mainly
consists of W d bands, did not change its position. On the
other hand, although the O p band did hybridize with the
Al p bands, the major contribution to the valence bands here
also comes from O p bands. There are hole states above the
Fermi levels that are also mainly composed of O p bands, as
expected, due to the lack of valence electrons. The loss of
electrons in the valence band due to Al substitution is the
reason for VBM uplift. The empty states in the spin-down
bands are almost like intermediate bands, which are created
due to the large size and chemical mismatch between W and
Al atoms. However, as the valence-band edge and these
empty intermediate bands are both mainly made of O 2p
orbitals, the transition probability would be very low be-
tween these bands. Hence, these empty bands may not facili-
tate the optical absorption process. Apart from creating these
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FIG. 13. Non-spin-polarized band diagram for Mo-substituted
WO;.

hole impurity bands, Al substitution did not significantly
change the WOj; electronic structure.

Next, we consider transition-metal substitution and its ef-
fect on the electronic structure of WO;. Only those metals
around W in the Periodic Table were considered to minimize
the size mismatch. These metals vary only in the number of
s and d electrons in their valence band, so the strength of
hybridization with O p bands varies and the conduction-band
minima are also likely to be affected.

Let us first consider Mo substitution, which is isovalent to
W. Because W and Mo are in the same column of the Peri-
odic Table, with Mo just above W, one would expect that
their electronic properties would not significantly change. In
addition, their electronegativity differs by only 0.20. So, this
substitution would not provide extra ionicity in the crystal,
and the band positions and band degeneracy would likely
remain the same. From the band diagram, one can see that
the band profile of Mo-substituted WO; remains the same as
undoped WOs3, except for a partly unoccupied Mo s band just
around the Fermi level (Fig. 13). This is probably due to the
fact that, as can be seen from Table I, the atomic Mo s orbital
is higher in energy than the W d and O p orbitals. Except for
this s band, the VBM and CBM remain the same, with a
band gap of 1.32 eV, which is almost the same as for pure
WO;.

Next, we consider the substitution of Ta and Hf atoms for
W atoms. The main reason is that they have shallower d
bands compared to W (Table I), which would form d bands
at a higher energy in the conduction bands. For Ta atom
substitution, two facts need to be considered: first, Ta has
only one less 5d electron compared to the W atom; second,
Ta differs in electronegativity by 0.86 from W. So, the sub-
stitution of Ta for W creates extra ionicity in the crystal and
removes the apparent degeneracies from the band edges.
Hole states are present on top of the valence band, as can be
clearly seen from the atomic DOS plot (Fig. 14). The band
gaps were 1.21 and 1.12 eV for the spin-up and spin-down
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FIG. 14. (Color online) Site and angular momentum projected
atomic DOS plots for (a) Ta-substituted and (b) Hf-substituted
WO;.

bands, respectively. Here, the reason for the band gap reduc-
tion, for example, in the spin-down channel, is that the va-
lence band increased in energy by 0.1 eV. The valence-band
edge consists of O p bands, which are near the Ta atom, as
expected. Interestingly, the onset of partial DOS of hybrid-
ized d bands from both W and Ta atoms starts almost from
the same place just below the Fermi energy, whereas for
WOs, it starts from 0.6 eV below the Fermi level. The CBM
remained almost the same, decreasing by less than 0.09 eV.
However, the Ta d bands were formed about 0.6 eV behind
the conduction-band edge, which is expected from atomic d
orbital energies in Table I. This indicates that with optimal Ta
substitution, the conduction band could also be slightly
raised.

Similarly, compared to a W atom, Hf has 1.06 less elec-
tronegativity and two fewer 5d electrons, and one would
expect a greater change in the WOj structure. For example,
exchange splitting in the O p bands bonded to the Hf atom is
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higher; as a result, the hole states are broader in the spin-
down band. Also, the d orbital of the Hf atom lies at a higher
energy than the W d orbital (as in Table I), which is also
reflected in the conduction band: the Hf d band formed about
1 eV above the W d band. However, the band gap decreases
to 1.23 and 1.07 eV, respectively, for spin-up and spin-down
bands. So, the spin-up band gap increases and spin-down
band gap decreases slightly compared to the Ta substitution.
Higher exchange splitting in Hf substitution is responsible
for this phenomenon. Also, the VBM increased and CBM
decreased by almost the same amount as in Ta atom substi-
tution. Both of these two metal substitutions result in mag-
netic states due to the charge mismatch between W, Ta, and
Hf atoms. However, in these cases, exchange splitting is
much smaller than the bandwidth; hence, the resultant mag-
netic moments could be nonferromagnetic. Overall, magnetic
moments in these cases would not add any extra factor to
optical absorption.

Addition of an extra nitrogen atom as an interstitial impu-
rity added to the substituted Ta or Hf atom creates a different
interesting situation. For Ta (Fig. 15), the band gap is almost
nonexistent for the majority spin, whereas for the minority
spin, there is a gap of 1.12 eV. This situation could be an
example of a half-metal. For Hf substitution with N atoms,
there are gaps of 0.60 and 0.86 eV for the majority and
minority spins, respectively. Because of the impurity bands
due to the extra N atom and the structural deformation, there
is a splitting of valence bands for both spin types. For Hf
(Fig. 16), there is a greater exchange splitting of N p bands,
0.8 eV, which is large compared to the corresponding band-
width. Also, although the collective valence band’s upward
shift is significant, the conduction-band shift is very small. A
similar situation occurs when an extra O atom is used as an
interstitial instead of a N atom. Note that for Hf (Ta), the
extra O (N) has a half-filled, narrow, and high DOS at the
Fermi level for the minority (majority) spin. As mentioned
earlier, this type of behavior at the Fermi level causes further
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FIG. 15. (Color online) Total
and local DOSs of WO; where a
Ta atom was bonded with an extra
interstitial N (left panel) or O
(right panel) atom.
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electronic relaxation. This issue will be discussed in greater
detail elsewhere. Interestingly, Ta+N and Hf+O in WO;
make it a half-metal material and p-type material, respec-
tively. Two other combinations, Ta+O and Hf +N, have fully
occupied valence bands. In general, substitution of metal at-
oms may help to shift the band gaps when the substituted
metal can add some ionicity to the system; however, adding
interstitial impurity to it gives some extra control on its con-
ductivity.

VI. CODOPING

We now discuss codoping in WO; to avoid the charge-
mismatch situation. It was argued® that codoping can over-
come the doping asymmetry in wide band semiconductors.
In general, it may also help to reduce the recombination cen-
ters in the materials and hence would also help to increase
the photocurrent. We have seen in the preceding discussion
that single-anion or single-cation substitution creates unsat-
urated bonds that contribute to several distortions in the band
structures. The overall band shape was undistorted only for
Mo substitution but unfortunately, it did not raise the band
edges at higher energies. Now, for N substitution, if one W
atom bonded to a N atom is replaced by a Re atom, then
Re-N would be isovalent to W-O, so no hole states would be
expected. As expected from the total DOS plot (Fig. 17), the
valence band is completely filled with no hole states, and the
valence-band edge is an admixture of N p and O p bands
with a contribution from Re d bands, which is expected from
Table I. It also increased by 0.19 eV compared to the pure
WO; valence band. However, the CBM, mainly composed of
W d band, slightly decreased by about 0.09 eV. The mini-
mum band gap, 1.03 eV, in this case is indirect at (B—1T).

On the other hand, for Ta atom substitution, if another F
atom is substituted for O, then Ta-F would again be isovalent
to the W-O dimer. Here, the band gap is direct at the I point
and is 1.21 eV, which is slightly less than the WO5 band gap.

FIG. 16. (Color online) Total and local DOS
of WO; where a Hf atom was bonded with an
extra interstitial N (left panel) or O (right panel)
atom.

The valence-band edge shifted upward by 0.09 eV and the
conduction-band edge remained almost unchanged. The F
atom 2p band did not contribute to the VBM but rather,
given its high electronegativity, started from 0.6 eV below
the Fermi level and hybridized mainly with the d bands.
Similar to Re-N codoping, the CBM mainly has the W d
character. The Ta d band starts at an energy 0.20 eV higher
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FIG. 17. (Color online) (a) Total and local DOS plot for Re-N
codoped in WOs3. (b) Total and local DOS plots for Ta-F codoped in
WO,
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FIG. 18. (Color online) DOS plots for N-H substitutional codop-
ing for O in WO;. The upper panel and the lower panel show total
and site and angular momentum projected atomic DOSs,
respectively.

than the conduction-band edge. The binding energy for the
Re-N and Ta-F pair codopings are —2.24 and —1.02 eV, re-
spectively. This shows the higher doping probability of the
Re-N pair.

Similarly, an O atom can be substituted by a N atom with
one H atom attached to it. As NH molecule would then be
isovalent to O, the charge mismatch would be avoided and
the recombination center could be reduced. The relaxed N-H
distance, substituted for oxygen, was 1.05 A. Here, due to
the presence of an extra electron provided by the H atom, the
partially filled N 2p band at the Fermi level from Fig. 2(b) is
now completely filled, as seen in the DOS plot in Fig. 18.
The ionic nature of the N-H bond is clear from the fact that
the N 2p band near the Fermi level is not hybridized with the
H 1s band. Here, this N 2p DOS is slightly detached, about
0.10 eV, from the rest of the valence band. This is expected
because occupation by an electron would, in general, in-
crease the energy of a band due to Coulomb repulsion. How-
ever, the resulting structure is significantly distorted, at least
locally. The H 1s band negligibly contributes to the upper
part of the valence band. Because N is less electronegative
than O, this may suggest an upward lifting of the conduction
band. We indeed found that the upward shift in energy for the
valence and conduction-band edges are significant here, 0.57
and 0.16 eV, respectively. The band gap was found to be 0.89
eV, which is 0.42 eV less than the undoped WO;. One of the
main features of this present configuration is that the H atom
did not bond with the W atom as N did; rather, it extends out
for the O atom on the other chain, and the O-H distance is
1.81 A. The valence-band edge consists of O p and N p
bands. The presence of the H atoms with N do not act the
same way as O atoms do. It is interesting to compare the
current result with only a N-atom substitution on O. The
increase of the CBM is slightly higher here with extra H
doping.

VII. FORMATION ENERGIES

Figure 19 shows the variation of formation energies in the
limit of O-rich and W-rich conditions. The method of calcu-
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FIG. 19. (Color online) Formation energies of different defects
at O-rich and W-rich conditions.

lating formation energies were discussed in detail in many
reviews®> and will not be discussed here. One point needs to
be noted here: the N chemical potential is bounded at W-rich
conditions by the WN, formation enthalpy, so that no unde-
sirable W-N phase is formed at W-rich growth condition. As
can be seen in Fig. 19, all the impurity formation energies
strongly depend on the growth condition. We see that N; is
favorable than N at O-rich condition by 1.210 eV, whereas
less favorable in the W-rich condition by 2.115 eV. Interest-
ingly, two substitutional N atom (split interstitial) has a much
lower formation energy than the one N-atom substitution at
O-rich condition, however, has almost the same formation
energy at W-rich condition. On the other hand, isovalent sub-
stitutional impurity (N+H) is more prone to form at the
cation rich condition. Also, addition of N, at the A site [in-
dicated as (N,); in Fig. 19] is more favorable than the sub-
stitutional N-type impurity except only near the cation rich
growth condition. Also, N, formation at the A site has 1.874
eV less formation energy than single N interstitial at O-rich
growth condition; the difference reduces to 1.023 eV at
W-rich condition. The lower formation energy at both the
extreme growth conditions suggests that interstitial N is most
likely to be found as N, at the A position (Fig. 1).

VIII. OPTICAL ABSORPTION PROPERTIES

Figure 20 shows the optical absorption plot for two cases,
3N; and (N-H),, along with the undoped WO; case. These
optical properties were calculated by the optic code’ as
implemented in WIEN2K.?? For the optical plots in this paper,
only the diagonal components of the momentum matrix were
calculated because the off-diagonal elements would not sig-
nificantly contribute. Also, these plots are for the non-spin-
polarized cases because two of the structures [Figs. 20(a) and
20(c)] have no spin-magnetic moments; for the other case
[Fig. 20(b)], no long-order magnetic moments are expected.
Also, no band gap corrections were made for these absorp-
tion plots.
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FIG. 20. (Color online) Optical absorption plots for (a) undoped,
(b) three interstitial N impurities, and (c) N-H codoped WOs.

Figure 20(a) shows that the onset of the optical absorption
is from below 2 eV. However, because the experimental gap
is 2.62 eV, the real onset should be above that energy. At the
calculated band gap, 1.31 eV, no transition is found mainly
because, as mentioned before, that the gap is pseudodirect.
So, the transition matrix has negligible values at the gap at I"
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point. For 3N interstitial impurity [Fig. 20(b)], it is clearly
seen that the optical absorption sharply started at a very low
energy, around 0.2 eV, with higher absorption coefficients.
On the other hand, for N-H codoped WO; [Fig. 20(c)], the
lower-energy absorption spectra are similar to that of the
undoped WOj3, which show the similarity of these two con-
figurations due to isovalent substitution. However, at around
3 eV, the absorption coefficients sharply increase to 42
X 10* cm™!, whereas for the undoped and 3N interstitial
cases, the absorption coefficients increase to 31 X 10* and
20X 10* cm™, respectively. Note that the absorption coeffi-
cients have values within 10X 10*~20x 10* cm™ for an en-
ergy range of 1.00-3.00 eV for the 3N interstitial impurity,
whereas the NH codoping has slightly higher values below 2
eV than that of undoped WO;. Further addition of impurity is
needed to enhance the lower end absorbance for the NH
codoping case. At the higher energies, above 5.00 eV or
more, all the absorption curves show a similar behavior. This
shows that away from the fundamental gap, the band struc-
tures do not change much from that of the pure WO;.

IX. CONCLUSION

We have presented first-principles calculations of different
atomic impurities in WO5 and their electronic properties.
These results would provide guidance for making WO; a
suitable candidate for photoelectrodes for hydrogen genera-
tion by water splitting. A general way to reduce the band gap
is to produce completely filled or partially filled impurity
bands on top of the valence band. This was achieved by N
substitution in WO;. We found that substitutional N impuri-
ties raise the valence-band maxima but do not have a signifi-
cant impact on the conduction band of WO;. For interstitial
N atom, a relatively better modification was observed, and
the conduction band was affected. Impurity bands can be
placed below the conduction band by placing an interstitial N
bonded with an O atom. In general, substitutional or intersti-
tial N impurity makes WO; a p-type or an n-type semicon-
ductor, respectively. Especially for interstitial impurities, we
found that a N, dimer placed in the hollow position (i.e., A
site or the perovskite structure ABO;) in the crystal has a
very high binding energy for N-N dimer formation, and it
has a significant effect compared to simple substitutional or
interstitial N atom. Due to its relatively lower formation en-
ergy, formation of this defect is more favorable. In this case,
although the band gap increased by few tenths of an eV, the
conduction-band edge considerably increased in energy. In
addition to N, at an A site, an interstitial N bonded with O
significantly moves the band edges and reduces the band gap
as well. Here, the conduction band increased by a tenth of an
eV compared to the undoped WOj3;. We found that, consistent
with the experimental results, the higher N-atom concentra-
tion reduced the band gap further. The higher N solubility in
the host can be achieved by using the nonequilibrium growth
technique. A smaller band gap (0.42 eV less than the un-
doped WOs3) and a significant band-edge shift were also ob-
tained by NH substitution for O atom. The VBM and CBM
shiftings were 0.57 and 0.16 eV, respectively. On the other
hand, the conduction-band-edge shift was not very signifi-
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cant for the metal-atom substitutions considered here. For
example, Ta atom substitution did not give significant band-
edge shifting. A similar situation was found for Hf substitu-
tion. Although metal-atom codoping such as Ta-F or Re-N is
isovalent to W-O compound and is easily formed, it did not
shift the conduction band as necessary, however, lower the
overall band gap. Finally, among the impurities considered
here, interstitial N, was found to be relatively more favor-
able. On the other hand, isovalent codoping, which would be
necessary to reduce the carrier recombination centers, may
be used as an initial doping stage, and then further doping
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can be done to tune the band gap, band-edge positions, and
carrier concentration in the materials.
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